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An analytical theory to describe the combined effects of the epitaxial layer thickness and the ohmic
contact on the noise properties of Schottky barrier diodes is presented. The theory, which provides
information on both the local and the global noise properties, takes into account the finite size of the
epitaxial layer and the effects of the back ohmic contact, and applies to the whole range of applied
bias. It is shown that by scaling down the epitaxial layer thickness, the current regime in which the
noise temperature displays a shot-noise-like behavior increases at the cost of reducing the current
range in which the thermal-noise-like behavior dominates. This improvement in noise temperature
is limited by the effects of the ohmic contact, which appear for large currents. The theory is
formulated on general trends, allowing its application to the noise analysis of other semiconductor
devices operating under strongly inhomogeneous distributions of the electric field and charge
concentrations. © 1999 American Institute of Physics. @S0021-8979~99!04714-3#I. INTRODUCTION
Schottky barrier diodes are being extensively used in
different applications such as mixers and detectors, due to
their good high frequency behavior.1 In recent years, for in-
stance, THz Schottky barrier diodes have been the subject of
considerable attention.1–6 Currently, the important point is
how to improve their realization and technology to obtain
still better results at higher frequencies. To this respect,
much effort has been devoted to reduce the diode thickness,
thereby reducing the parasitic resistance loses in the bulk
region maintaining sufficient nonlinearity characteristics for
applications.1 An important problem, in this respect, is to
understand the role played by the epitaxial layer thickness
and ohmic contacts on the performance of these devices. For
thin epitaxial layers, to approach this problem, one needs to
solve the equations for the transport and for the fluctuations,
with appropriate boundary conditions on both ends of the
diode. With respect to transport properties this study has
been already performed.2,7 However, with respect to the
noise properties the equivalent analysis is still lacking in the
current literature. The aim of this article is to address this
issue.
The existing noise models are usually based on the phe-
nomenological equivalent circuit approach.8 These models
consider the existence of two main noise sources: a shot-
noise source associated with the junction resistance and a
thermal-noise source associated with the series resistance.9,12
Sometimes, to explain some of the excess noise observed
experimentally, other noise sources due to hot electrons, in-
tervalley scattering, trapping, etc., are introduced in the same
phenomenological scheme.3,10,11,13 However, for very thin
epitaxial layers, the division between series and junction re-
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Downloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject tsistances loses its meaning, since the depletion layer extends
over all the diode. In such a case, the combined effect of the
diode size and the nonideality of the back ohmic contact may
become relevant, and the phenomenological theories may not
apply.
Recently, a more advanced analytical self-consistent
treatment has been proposed for the noise analysis of a
Schottky diode.14 Despite of its simplicity ~it is based on the
drift-diffusion treatment of the carrier transport!, the method
is able to provide, not only the net noise parameters, such as
noise temperature, voltage and current noise spectral densi-
ties, but also the local noise distributions. That is, the con-
tribution of different parts of the diode to the net noise is
obtained in an analytical form in terms of the steady-state
electric-field profiles. Such an approach allowed one to con-
clude that the cross correlations between the two main noise
sources: the shot-noise and the thermal-noise one, is also
important at around flatband bias conditions, the typical op-
eration conditions of THz Schottky diodes.1,3 It should be
noted, that the Monte Carlo procedure, as an alternative pos-
sibility to investigate the transport and noise properties of
Schottky barrier diodes, meets difficulties of poor statistics
of carriers in the depletion layer,15 a problem which does not
appear in the drift-diffusion framework.
In all the models mentioned above, however, the ohmic
contact was assumed to be completely perfect, that is non-
disturbing the local electric field and charge concentrations.
In this article, based upon the thermionic-emission–diffusion
framework,14 we perform an analytical analysis of the noise
properties of Schottky barrier diodes when their epi-layer
thickness L is scaled down to submicron scale ~L&LD , with
LD being the Debye screening length!. By making use of
appropriate boundary conditions for both ends of the epitax-
ial layer, we study the combined effects of the epitaxial layer4 © 1999 American Institute of Physics
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in the whole range of applied bias. It is worth noting that the
present study requires the development of a more advanced
mathematical treatment than that presented previously in
Ref. 14. In fact, this new treatment in itself, offers new per-
spectives concerning the analytical analysis of noise in other
semiconductor devices.
The organization of the article is as follows. In Sec. II,
we briefly review the basic equations for the description of
transport and fluctuations in the thermionic-emission–
diffusion approach. In Sec. III, the steady-state spatial pro-
files for the electric field and carrier density, as well as the
I2V characteristics, are numerically obtained. In Sec. IV A,
we present analytical expressions for the impedance and
noise characteristics. Their local counterparts, the impedance
field and the local noise distributions, are also presented. In
Sec. IV B, we evaluate the derived analytical expressions for
different diode thicknesses and different current operation
regimes. In particular, we focus on the role played by the
epitaxial layer thickness and ohmic contact on the noise
properties. Finally, in Sec. V, we sum up the main contribu-
tions of the article, whereas the appendixes are devoted to
some mathematical derivations.
II. THERMIONIC EMISSION–DIFFUSION THEORY:
TRANSPORT AND FLUCTUATIONS
A. Charge transport
We are interested in modelling the low-frequency pla-
teau of the noise spectrum corresponding to the time scale
much longer than the dielectric relaxation time. Due to the
frequency range chosen, the displacement current can be ne-
glected. In the drift-diffusion approximation, combining the
current and Poisson equations, the electric transport is gov-
erned by14,16
D~E !
d2E
dx2 1v~E !S dEdx 2 qe NDD52 IeA , ~1!
where E5E(x) is the electric field, I the electric current, q
the electron charge, e the dielectric permittivity, A the
sample cross-sectional area, ND the doping density, D(E)
the diffusion coefficient, and v(E) the electron velocity.
Furthermore, the boundary condition at the metal–
semiconductor rectifying contact located at x50 reads14
dE
dx U
x50
5
q
e S ND2n0eq2 Iqvr0A D , ~2!
where vr
0 is the recombination velocity of the contact and
n0
eq5Nce2qfb
0/kBT the quasiequilibrium electron density,
with Nc being the semiconductor effective density of states,
kB the Boltzmann constant, T the lattice temperature, and fb
0
the contact barrier height.
On the opposite side of the epitaxial layer, an ohmic
contact is implemented. In the present article, we will as-
sume an ohmic metal–semiconductor contact, although other
contacts can be equally studied. For a metal–semiconductor
ohmic contact, a similar equation to Eq. ~2! applies,Downloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject tdE
dx U
x5L
5
q
e S ND2nLeq1 IqvrLA D , ~3!
where vr
L is the recombination velocity of the ohmic contact
and nL
eq5Nce2qfb
L/kBT its quasiequilibrium electron density,
with fb
L being the barrier height for the metal–
semiconductor ohmic contact. The main difference between
the two contacts relies in the values of the barrier height.
While for the rectifying contact it is large (fb0*15kBT/q),
for ohmic contact, it is relatively small (fbL&10kBT/q). As
a result, the contact resistance, which depends exponentially
on the barrier height, is very large for a rectifying contact
and relatively small for an ohmic contact.
B. Fluctuations
According to the thermionic-emission–diffusion model
for the fluctuations introduced in Ref. 14, the noise proper-
ties of the system can be analyzed from the fluctuations of
the electric field. In the Langevin approach, the fluctuations
of the electric field dEx at a slice x satisfy the linearized
version of Eq. ~1! with a source noise term for the current
dIx ,
d2dEx
dx2 1P~E !
ddEx
dx 1Q~E !dEx52
dIx
eAD~E ! , ~4!
where14
P~E !5
v~E !
D~E ! , ~5!
Q~E !5 D8~E !D~E !
d2E
dx2 1
v8~E !
D~E ! S dEdx 2 qe NDD . ~6!
Here, dIx represents the stochastic current induced by the
random scattering of carriers inside the semiconductor. It has
zero mean and d-type correlation function ^dIxdIx8&
5AK(x)D f d(x2x8), with17
K~x !54q2n~x !D~x !, ~7!
and D f being the frequency bandwidth. Furthermore, at the
rectifying metal–semiconductor interface the fluctuations
satisfy the linearized version of Eq. ~2! with a surface
Langevin-like term dI0 . Explicitly,
ddEx
dx U
x50
[dE0852
dI0
evr
0A
. ~8!
Here, dI0 describes the random nature of the thermionic
emission of carriers across the metal–semiconductor inter-
face. It has zero mean and the dispersion ^dI0
2&5SI
0D f with
SI
0 given by14
SI
052q@I12Ic
0# , ~9!
and Ic
05qn0
eqvr
0A .
At the metal–semiconductor ohmic contact, there is also,
in principle, a source of noise of the same nature as the one
existing at the rectifying contact. Therefore, at this contact
the fluctuations should satisfyo AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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dx U
x5L
[dEL85
dIL
evr
LA
, ~10!
where dIL describes the random nature of the thermionic
emission of carriers across the ohmic contact. Its correlation
function satisfies ^dIL
2&5SI
LD f , with
SI
L52q@2I12Ic
L# ~11!
and Ic
L5qnL
eqvr
LA . Notice the difference in signs between
Eqs. ~8! and ~10!, and between Eqs. ~9! and ~11! because of
the opposite current injection at the two contacts.
Equations ~4!–~11! constitute a complete set of equa-
tions to analyze the noise properties of Schottky barrier di-
odes in the thermionic-emission–diffusion approximation.
III. STEADY-STATE SPATIAL PROFILES AND I2V
PLOTS
As it was shown in previous papers,14,16 the local and
global noise properties of a system are based on the knowl-
edge of the stationary spatial profiles. To find these profiles,
in the present case, we solve numerically Eq. ~1! with the
boundary conditions ~2! and ~3! by making use of a finite
difference scheme.
Before presenting the stationary profiles, let us introduce
some characteristic parameters. To this end, we rewrite the
boundary conditions in the following form:
dE
dx U
x50
5
qND
e
~12a02bJ !, ~12a!
dE
dx U
x5L
5
qND
e
~12aL1bJ !, ~12b!
where b5m0E th /vr
0 is the transport parameter,14 a0
5n0
eq/ND and aL5nL
eq/ND are the contact parameters, m0
5v8(E)uE50 is the low-field mobility, E th5kBT/(qLD) the
characteristic electric field, and LD5(ekBT/q2ND)1/2 the
Debye length. For the sake of simplicity, we have assumed
vr
05vr
L
. A slight difference between the recombination ve-
locities of the contacts does not introduce appreciable modi-
fications in the results. Furthermore, the current is normal-
ized as J5I/IR , with IR5qmEthNDA .
In the following, we take b51 assuming that both the
thermionic emission and the diffusion of carriers has a com-
parable effect on the charge transport ~for a comparison of
the different transport regimes when b is varied see Ref. 14!.
Moreover, we assume a051027 and aL510. With these
values, for the rectifying contact we have a ‘‘high’’ barrier
~fb
0'26.4 kBT/q'0.68 V at room temperature! and a
‘‘deep’’ depletion layer n0
eq;1027ND . While, for the ohmic
contact, we have a ‘‘low’’ barrier ~fb
L'7.9 kBT/q'0.2 V at
room temperature! and a small specific resistance rc
;1026 V cm2. For the ohmic contact, the saturation current
is Jc
L5aL /b510. For simplicity, we shall consider in the
numerical solutions the mobility m and the diffusion coeffi-
cient D to be constant, although explicit field dependences,
characteristic for the hot carrier transport, may be used with-
out additional difficulties. To be concrete, we take v(E)
5mE , D5mkBT/q . The analytical solutions, however, willDownloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject tbe obtained for the general case when the velocity and dif-
fusion coefficients are field dependent. Finally, we shall con-
sider different epitaxial layer thicknesses: L/LD52, 5, 10,
15, which allows us to study the transition from long ~mi-
cron! to short ~submicron! diodes. Note that with the present
data LD'0.13 mm.
Having found from Eqs. ~1!–~3! the electric-field profile
E(x) for a given current J , the total voltage drop V
5*0
LE(x)dx1fb02fbL , and hence the I2V characteristics,
can be easily obtained. The I2V characteristics for the dif-
ferent diode lengths considered, are presented in Fig. 1. For
each diode, one can distinguish three different behaviors: ~i!
an exponential behavior at low voltages, ~ii! a linear behav-
ior at intermediate voltages, and ~iii! a saturation behavior at
high voltages. The exponential behavior can be explained in
terms of the thermionic-emission–diffusion theory.18 The
linear portion of the I2V characteristics shows the existence
of series resistance effects. Finally, the saturation of the char-
acteristics at high voltages is a consequence of the nonideal-
ity of the ohmic contact, in the present case, a reverse biased
metal-semiconductor contact. As is well known, for low bar-
rier heights, the contact behavior is ohmic up to the current
values approaching the contact saturation current Jc
L
. Other
types of ohmic contacts present similar limitations. As can
be seen, the value of the epitaxial layer thickness determines
the range of voltages covered by each regime: as the epitax-
ial layer thickness is scaled down, the exponential behavior
persists up to higher voltages at the cost of reducing drasti-
cally the range of the linear regime. This is equivalent to say
FIG. 1. I2V characteristics for Schottky barrier diodes of different lengths
~the current is in units of IR5qmEthNDA!. The results for L515LD are
compared with those obtained by using flat boundary conditions at the back
contact ~triangles!.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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teristics increases as the epitaxial layer thickness is de-
creased. That is, the value of the series resistance, which is
proportional to the inverse of the slope of the I2V curve in
this regime, is reduced.
This behavior can be easily understood by examining the
stationary profiles depicted in Figs. 2 and 3. When the epi-
taxial layer thickness is reduced, the portion of the sample
with constant electric field, which corresponds to a quasineu-
tral region, is reduced, up to vanishing completely for the
shortest samples. The absence of the quasineutral region re-
sponsible for the series resistance effects explains why the
I2V characteristics does not manifest its presence at inter-
mediate voltages.
It is worth mentioning that the I2V characteristics for
the diode of length L515LD coincides with the one obtained
in Ref. 14 ~triangles!, where a simplified model with flat
FIG. 2. Stationary electric-field profiles E(x) for Schottky diodes of differ-
ent lengths L , for different currents J .
FIG. 3. Stationary electron-density profiles n(x) for Schottky diodes of
different lengths L , for different currents J .Downloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject tboundary conditions at the back ohmic contact was consid-
ered. The same correspondence is observed for the stationary
profiles except for a narrow layer nearby the ohmic contact,
which has no effect on the I2V characteristics. These results
confirm that the simple approach developed in Ref. 14 is
valid to deal with long diodes. The same conclusion will be
taken below for the noise properties.
Finally, we note that when the realistic ohmic contact
~with nonzero barrier height! is considered, the electric field
profile displays a maximum in a certain point inside the di-
ode @Fig. 2~a!# or an inflexion point @Fig. 2~b!#. It is seen
from Eqs. ~12!, that the maximum appears when the current
is below the so-called flatband current value J*5(1
2a0)/b'1 with the present data. The presence of this
maximum makes necessary to modificate the mathematical
treatment of Ref. 14 for the analysis of the noise character-
istics, as it will be discussed below. In the following, two
different current regimes will be considered: ~i! low currents,
0,J,J*, when the electric-field displays a maximum @Fig.
2~a!#, and ~ii! high currents, J.J*, when the electric-field
displays an inflection point with d2E/dx250, or dn/dx50
@Figs. 2~b!, 3~b!#.
IV. IMPEDANCE AND NOISE
A. Analytical solution
To characterize the noise properties of a Schottky diode,
we have to solve a second-order stochastic differential Eq.
~4! with space dependent coefficients @this space dependence
comes through the space dependence of the electric field
E(x)#. To find the solution, we use a recently developed
analytical method16 which has been successfully applied to
the case of an n1n junction16 and a Schottky barrier
contact.14 By means of this method, an explicit expression
for the fluctuation of the electric field dEx , which solves Eq.
~4! and satisfies the boundary conditions ~8! and ~10!, has
been derived ~see Appendix A for the details!. The fluctua-
tion of the voltage between the contacts can then be com-
puted as a sum of three contributions
dV5Z0dI01ZLdIL1E
0
L
¹Z~x !dIxdx . ~13!
The last term in Eq. ~13! gives the contribution to the voltage
fluctuation from the bulk of the diode. Each local noise con-
tribution is characterized by the bulk impedance field
¹Z(x). Moreover, Z0 and ZL are the impedances of the rec-
tifying and back ohmic contacts, respectively. They are
given by ~compare with Eq. ~A5! in Appendix A!
Z05
E02ED
evr
0Ar08
, ZL5
EL2ED
evr
LArL8
, ~14!
where r0,L8 5E0,L9 . The expressions for ¹Z(x), as well as for
the parameter ED entered in Eq. ~14!, have been derived in
Appendix A in a general form. Below, we present them in a
form more suitable for computations, which take into ac-
count the features of the electric-field profiles E(x). As waso AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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two different steady-state transport regimes may be distin-
guished.
(i) Low currents, 0,J,J*. This current regime is char-
acterized by the presence of a depletion layer near the recti-
fying contact, and a relatively small accumulation layer near
the back ohmic contact @Fig. 3~a!#. Accordingly, the electric
field displays a maximum in a certain point inside the diode
@Fig. 2~a!#. For this case, the following expressions should be
used
¹Z~x !5
r~x !
c~x ! E0
x H @ED2E~j!# Q~j!r8~j! 21J W~j!r8~j! dj
1
W~x !
r8~x !c~x !
@E~x !2ED# , ~15!
ED5
E
0
LF11 E~x !Q~x !r8~x ! G W~x !r8~x ! dx
E
0
L Q~x !W~x !
@r8~x !#2
dx
. ~16!
(ii) High currents, J.J*. For this current regime, no
depletion layer appears, instead, two accumulation layers at
the both contacts are observed @Fig. 3~b!#. Accordingly, the
electric field displays an inflection point where d2E/dx250
@Fig. 2~b!#. For this case, the following expressions are valid:
¹Z~x !5
r~x !
c~x ! F E0x@ED2E~j!# W~j!r2~j! dj
1
W0
r0r08
~E02ED!G , ~17!
ED5
E
0
L E~x !W~x !
r2~x !
dx1
ELWL
rLrL8
2
E0W0
r0r08
E
0
L W~x !
r2~x !
dx1
WL
rLrL8
2
W0
r0r08
. ~18!
In Eqs. ~15!–~18! we have used the same notations as in
Refs. 14, 16. Namely, r(x)5dE/dx , c(x)5eAD(x)W(x),
and W(x)5W0 exp$2*0xv@E(j)#/D@E(j)#dj%. The function Q
in Eqs. ~15!–~16! is determined by Eq. ~6!.
Now we can determine the total impedance Z of the
diode
Z5Z01ZL1E
0
L
¹Z~x !dx[Z01ZL1Zb , ~19!
the spectral density of voltage fluctuations
SV5Z0
2SI
01ZL
2SI
L1E
0
L
@¹Z~x !#2K~x !dx ~20!
[SV01SVL1SVb , ~21!
and the spectral density of current fluctuations
SI5
SV01SVL1SVb
~Z01ZL1Zb!2
. ~22!Downloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject tIn the previous expressions, Zb stands for the impedance of
the bulk part of the diode. Moreover, SV0 , SVL , and SVb
refer to the contribution to the voltage fluctuations coming
from the rectifying contact, the ohmic contact, and the diode
bulk, respectively. Finally, the noise temperature takes on the
form
Tn5
1
4kB
SV01SVL1SVb
Z01ZL1Zb
. ~23!
Equations ~19!–~23! constitute the analytical expressions for
the net impedance and noise characteristics of a Schottky
diode as obtained from the thermionic-emission–diffusion
theory. Furthermore, they also give information about the
spatial distribution of the impedance throughout the device
by means of the impedance field ¹Z(x) and the local con-
tributions to the voltage fluctuations by virtue of the spatial
profile sV(x)5@¹Z(x)#2K(x). These local distributions may
be very useful in interpreting the results as will be seen in
what follows. It is worth noting that in order to compute the
impedance and noise characteristics, we only need to know
the stationary electric field profile E(x).
It is important to see the connection between the pre-
sented formulas for the Schottky diode ~with a realistic con-
sideration of a back ohmic contact! with the formulas when
the flat boundary conditions at the back contact are imposed
FIG. 4. Impedance Z vs current I for different diode lengths L: ~a! L
515LD , ~b! L55LD , and ~c! L52LD . The relative contributions from the
contacts Z0 and ZL , and from the bulk Zb are compared ~all impedances are
normalized by RR5LD /qmNDA!.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the flat conditions at x5L one can take rL!0, ED!EL ,
and the electric-field profile does not display neither a maxi-
mum nor an inflection point.14 Therefore, one can use any of
the two sets of equations for the impedance field. In particu-
lar, in Ref. 14 we used Eqs. ~17! and ~18!.
B. Results
In this subsection, we shall evaluate the analytical ex-
pressions derived in the previous section. For low currents,
when the main current limiting process comes from the
depletion layer, simplified formulas can be used, as shown in
Appendix B.
In Fig. 4 we present the total impedance Z as a function
of the current for different diode lengths. We may distin-
guish here clearly the same current regimes as observed ear-
lier for the I2V characteristics: ~i! a low current regime, in
which Z decreases with the current, ~ii! an intermediate cur-
rent regime, in which Z is nearly constant, and ~iii! a high
current regime, in which Z increases sharply with the cur-
rent. As can be seen in Fig. 4 in the low current regime, the
main contributions to the impedance comes from Zb and Z0 ,
in the intermediate current regime from Zb , and in the high
current regime from ZL . The relative importance of the spa-
tial contributions to Zb also depends on the current regime
considered. As shown in Fig. 5, where the impedance field
¹Z(x) is plotted, for low currents the main contribution to
Zb comes from the region near the rectifying contact, while
for intermediate and high currents, it comes basically from
the ‘‘central’’ part of the diode.
It should be pointed out that the range of currents cov-
ered by each current regime depends appreciably on the di-
ode size. When the epitaxial layer thickness is scaled down,
the low current range extends towards higher currents at the
cost of reducing the intermediate current range. The value of
the impedance in this intermediate regime then decreases,
that can be easily understood in terms of the progressive
FIG. 5. Spatial profiles for the local impedance ¹Z(x) @normalized by
(qmNDA)21# for different currents J and diode lengths L .Downloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject treduction of the series resistance effects. The high current
regime ends up at the ohmic-contact saturation current JL
c
,
which is independent of the diode size.
A similar analysis has been performed for the spectral
density of voltage fluctuations. The relative significance of
different contributions is shown in Fig. 6 for different diode
lengths. As before, one may distinguish three different cur-
rent regimes: ~i! at low currents, SV decreases with the cur-
rent and the main contributions are due to SV0 and SVb , ~ii!
at intermediate currents, SV is almost constant and SVb domi-
nates, and ~iii! at high currents, SV increases sharply and the
main contribution comes from SVL . Notice that the ranges of
these three current regimes do not correspond directly to
those found for the impedance and the I2V characteristics.
Indeed, in Fig. 6 it can be observed that the bulk contribution
to the voltage fluctuations becomes more important at lower
currents than the bulk contribution to the impedance in Fig.
4. This fact can be understood in terms of the existence of
spatial crosscorrelations inside the diode.14
The local contributions to the voltage fluctuations SVb
are shown in Fig. 7 by virtue of the spatial profiles sV(x)
5@¹Z(x)#2K(x). For low currents, the main contribution
FIG. 6. Voltage fluctuations SV vs current I for different diode lengths L:
~a! L515LD , ~b! L55LD , and ~c! L52LD . The relative contributions
from the contacts SV0 and SVL , and from the bulk SVb are compared ~all
normalized by 4kBTLD /qmNDA!.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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layer!, while at intermediate and high currents, SVb receives
contributions from the ‘‘central’’ part of the diode and from
the ohmic contact region.
Having found the total impedance Z and the voltage
noise spectral density SV , the spectral density of current
fluctuations SI can be computed from Eq. ~22!. The results as
a function of the current for the different diode lengths are
shown in Fig. 8. At very low currents, SI is constant, since it
gives the thermal equilibrium noise. Then exhibits a 2qI
shot-noise-like behavior. These two regimes closely follow
the law SI52qI coth(qV/2kBT), which has been discussed in
detail in Ref. 14. In the intermediate current regime, SI de-
viates from this law and tends to saturate, due to the presence
of series resistance effects. As the length of the diode is
scaled down, this saturation progressively disappears. Fi-
nally, in the high current regime SI increases sharply when
the ohmic contact saturation current is approached.
The effective noise temperature Tn vs current is depicted
in Fig. 9 for different diode lengths. In the low current re-
FIG. 7. Spatial profiles for the local noise distribution sV(x) @normalized by
4kBTD f /mNDA# for different currents J and diode lengths L .
FIG. 8. Current-noise spectral density SI vs current I for different diode
lengths L . The results for L515LD are shown to coincide with those ob-
tained with flat boundary conditions at the back contact ~triangles!. SI and I
are normalized by 4qIR and IR5qmEthNDA , respectively.Downloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject tgime, the noise temperature starts from the lattice tempera-
ture Tn5T , and then drops towards the T/2 value, that is a
consequence of the 2qI law and is typical of the shot-noise
behavior.14 For intermediate currents Tn increases again,
tending to saturate around the ambient temperature T , where
the diffusion noise of a passive resistor dominates. For the
shortest samples, this intermediate regime is not displayed,
due to the small value of the series resistance. Finally, in the
high current regime, Tn increases sharply when the ohmic-
contact saturation current is reached. As mentioned before,
the range covered for each current regime is size dependent.
Indeed, by reducing the epitaxial layer thickness, the noise
temperature keeps its shot-noise-like behavior up to higher
currents, leading to the noise reduction. This improvement in
noise temperature may be, however, limited by the ohmic
contact. This occurs when the current approaches the ohmic-
contact saturation current. Then, a further decrease in the
epitaxial layer thickness does not give rise to a further ap-
preciable improvement in the noise temperature. In a such
situation, the device performance can only be improved by
improving the quality of the ohmic contact.
V. CONCLUSIONS
In the present article, we have presented a theory to de-
scribe the combined effects of the epitaxial layer thickness
and the back ohmic contact on the noise properties of
Schottky barrier diodes. The theory is formulated under the
thermionic-emission–diffusion framework and is applicable
in the whole range of biases. By means of this theory we
have shown that the value of the epitaxial layer thickness has
considerable effects on both the current operation regime and
the noise properties of these devices. To this respect, one can
see that when the epitaxial layer thickness is scaled down,
the range of currents in which the shot-noise-like behavior is
displayed increases at the cost of reducing the current range
dominated by the bulk thermal-noise-like behavior. For thin
epitaxial layers, this last current range is almost suppressed,
with the consequent reduction in the noise temperature. This
noise reduction is limited, however, by the nonideality of the
back ohmic contact. Indeed, when the current approaches the
ohmic-contact saturation current, a further reduction in the
epi-layer thickness does not give rise to an appreciable re-
FIG. 9. Noise temperature Tn vs current I for different diode lengths L . The
results for L515LD are compared with those obtained with flat boundary
conditions at the back contact ~triangles!.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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improve the quality of the ohmic contact in order to improve
the device performance. It is worth noting that many of these
phenomena might be present in THz Schottky barrier diodes
used for mm-wave and sub-mm-wave applications, which
are designed with rather thin epitaxial layer and operate at
intermediate or high currents.
Finally, it should be pointed out that the theoretical pro-
cedure presented in this article is not only restricted to the
study of Schottky barrier diodes, but it can be easily ex-
tended to the study of other devices. Our work then opens
new perspectives on what concerns the noise analysis of
semiconductor devices operating under strongly inhomoge-
neous distributions of the electric field and charge concentra-
tions.
APPENDIX A: IMPEDANCE FIELD OF A SCHOTTKY
DIODE: GENERAL EXPRESSIONS
The general scheme to solve the stochastic Eq. ~4! has
been outlined in Ref. 16. The main idea is to find two lin-
early independent solutions of the corresponding homoge-
neous equation and then to use them to construct the solution
of the nonhomogeneous Eq. ~4! satisfying the appropriate
boundary conditions. One of these particular solutions is
r(x)5dE/dx . The second solution may be expressed
through the first one, but its form depends on the properties
of the function r ~i.e., on the features of the electric-field
profile in the system under consideration!. If r(x)Þ0 @E(x)
does not display a maximum or a minimum#, one can use the
following expression for the second function:16
u~x !5r~x !E
C
x W~j!
@r~j!#2
dj . ~A1!
Otherwise, one can use the alternative expression
u~x !52
W~x !
r8~x !
1r~x !E
C
x Q~j!W~j!
@r8~j!#2
dj , ~A2!
under the condition that r8(x)Þ0 @E(x) does not display an
inflection point#. The function Q in the last formula is deter-
mined by Eq. ~6!. If E(x) displays neither a maximum ~or a
minimum! nor an inflection point, both expressions for u(x)
are equivalent.
By means of these functions, the general solution of Eq.
~4! reads14
dEx5C1r~x !1C2u~x !1r~x !E
0
x u~j!
c~j!
dIjdj
1u~x !E
x
L r~j!
c~j!
dIjdj . ~A3!
The derivatives of the fluctuation of the electric field at the
boundaries dE08 , dEL8 are known from Eqs. ~8! and ~10!.
They can be used to eliminate the constants C1 , C2 , one
getsDownloaded 11 Jun 2010 to 161.116.168.169. Redistribution subject tdEx5
1
D FdE08r08 2 u08r08 E0L r~j!c~j! dIjdjGFuL8rL8 r~x !2u~x !G
1
1
D F2 dEL8rL8 1E0L u~j!c~j! dIjdjGFu08r08 r~x !2u~x !G
1r~x !E
0
x u~j!
c~j!
dIjdj1u~x !E
x
L r~j!
c~j!
dIjdj ,
~A4!
where D5(uL8 /rL8)2(u08/r08), and prime in all the functions
stands for the derivative. Equation ~A4! determines the sto-
chastic value of the electric field dEx at any slice x from the
noise sources dIx and the stochastic boundary conditions
dE08 and dEL8 . Integrating this equation, one obtains the volt-
age fluctuation as a sum of three contributions
dV5
E02ED
evr
0Ar08
dI01
EL2ED
evr
LArL8
dIL1E
0
L
¹Z~x !dIxdx ,
~A5!
where we have introduced the parameter having a dimension
of the electric field
ED5
1
D FuL8ELrL8 2 u08E0r08 2E0Lu~x !dxG . ~A6!
The first two terms in the rhs of Eq. ~A5! determine the
impedances of the rectifying and back ohmic contacts,
whereas the last term gives the bulk impedance field in the
form
¹Z~x !5
r~x !
c~x ! F ~E02ED! u08r08 1E0xu~j!djG
1@ED2E~x !#
u~x !
c~x !
. ~A7!
The expressions ~A6! and ~A7! for ED and ¹Z(x) are written
in a general form in terms of the auxiliary functions r and u .
By further substituting either Eq. ~A1! or ~A2! for u(x), one
arrives to Eqs. ~17! and ~18! or Eqs. ~15! and ~16!, respec-
tively. Finally, the expressions for the contact impedances Z0
and ZL in Eqs. ~14! can be obtained directly from Eq. ~A5!.
APPENDIX B: IMPEDANCE FIELD FOR 0<J!J*
The expression for the impedance field for the current
regime corresponding to 0,J!J* can be simplified. This is
the situation when the depletion layer dominates the bulk
resistance of the diode. It turns out, that the integral in the
rhs of Eq. ~15! and the characteristic field ED are negligibly
small ~they are of the order of the current J!1!. At equilib-
rium they vanish identically. Therefore, for this current re-
gime one can approximate
¹Z~x !'
W~x !E~x !
r8~x !c~x !
'
1
qm@E~x !#n~x !A , ~B1!
where m(E) is the field-dependent mobility of the semicon-
ductor. In this equation, the impedance field is just the local
~per unit length! resistance, as it occurs at equilibrium.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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